Introduction
============

TGF-β plays multiple roles during the pathogenesis of renal allograft failure, affecting kidney cells and graft-infiltrating leukocytes. The involvement of TGF-β in kidney rejection can be inferred from the presence of increased TGF-β mRNA \[[@B1]\] and protein \[[@B2]\] in urine samples from affected allograft recipients. More direct evidence is provided by observations of elevated TGF-β mRNA \[[@B3]\] and protein \[[@B4]\] within failing renal allograft tissues. However, perhaps the most persuasive demonstration of a cellular response to biologically active TGF-β within these allograft tissues is provided by the detection of pSmad 2 and/or pSmad 3 within the nuclei of TEC and graft-infiltrating leukocytes \[[@B5]\]. These transcription factors are activated by phosphorylation following stimulation of the cell-surface TGF-βR complex \[[@B6]\].

TGF-β is normally maintained as a latent complex consisting of dimeric 12.5 kDa TGF-β and two LAPs, which are cleaved from the N-terminus of the 55-kDa TGF-β proproteins during maturation \[[@B7]\]. This small latent complex is covalently associated with one of the 125- to 160-kDa LTBPs 1, 3, or 4, to form the LLC. The predominant form of LTBP in the kidney is LTBP-1 \[[@B8]\]. The expression of TGF-β and LTBP-1 is coregulated, and latent TGF-β is only secreted efficiently in the form of the LLC \[[@B8], [@B9]\]. After secretion, the LLC is rapidly immobilized by a mechanism that may include initial interaction with anionic GAGs, such as HS \[[@B10], [@B11]\].

Latent TGF-β is activated by separate mechanisms within different tissue compartments. TSP-1 \[[@B12]\] and NRP-1 \[[@B13]\] can activate latent TGF-β following hydropathic peptide interaction with a LSKL sequence motif on LAPs with the activated TGF-β remaining LAP-associated. This mechanism has been used to explain TGF-β~1~ presentation by some Tregs \[[@B13], [@B14]\]; indeed, NRP-1 has been used as a marker of Tregs \[[@B15]\]. By contrast, activated epithelium can express the αvβ6 integrin that binds an arginine-glycine-aspartic acid peptide motif in the LAP sequence. This cytoskeleton-coupled integrin can then retract, physically exposing active TGF-β within the immobilized LLC \[[@B16]\].

Although the mechanisms by which TGF-β is activated in specific renal allograft tissues have not been defined, the consequences of such activation for T cell biology are becoming clearer. For example, contact with murine renal epithelium can stimulate some activated T cells to express the αE(CD103)β7 integrin by a TGF-β-dependent mechanism \[[@B17]\]. This may account for the expression of CD103 by intratubular T cells during kidney rejection \[[@B4]\]. These E-cadherin-binding T cells have been implicated in mediating direct cytolytic damage of TEC during acute rejection \[[@B18]\]. Stimulation of activated CD4^+^ T cells with TGF-β~1~ can also enhance expression of the transcription factor FOXP3, a characteristic of Tregs \[[@B19]\]. A local response to active TGF-β within the tubular basement membrane might account for the focal "T reg tubulitis" \[[@B20]\], observed during kidney rejection. Finally, stimulation of activated CD4^+^ T cells by TGF-β in the presence of additional cytokines, such as IL-6, IL-1β, and IL-23, can induce the generation of Th17 cells by a Smad 2-dependent process \[[@B21]\]. Cells expressing this proinflammatory phenotype are also a feature of renal allograft rejection \[[@B22]\].

This study was designed to examine expression of the large latent TGF-β complex after kidney transplantation and to determine how this complex is sequestered within renal tissues during allograft rejection. A series of experiments was then performed to define a mechanism by which activated T cells can process the latent TGF-β complex, leading to phenotypic differentiation.

MATERIALS AND METHODS
=====================

Reagents
--------

TGF-β~1~ and LAP-complexed, latent TGF-β~1~ (LAP-TGF-β~1~) were from R&D Systems (Abingdon, UK). Unlike active TGF-β1, the LAP-TGF-β~1~ complex did not stimulate the TGF-β-responsive MFB-F11 reporter cell line \[[@B23]\] at concentrations up to 25 ng/ml (data not shown). The TSP-1 inhibitory peptide (LSKL) and a nonblocking scrambled peptide sequence control (SLLK) were from AnaSpec (Cambridge, UK) \[[@B12]\].

Immunohistochemistry
--------------------

Paraffin-embedded normal human kidney tissue (*n*=5), renal allograft biopsies showing normal histology (*n*=7), and allograft nephrectomy specimens with features of rejection (*n*=6) were obtained from the archives of Newcastle Hospitals National Health Service Foundation Trust in accordance with Newcastle and North Tyneside Local Research Ethics Committee approval. Where present, rejection was graded using Banff diagnostic criteria \[[@B24]\]. The patients showing rejection were aged between 24 and 65; three cases were female and three male. Five cases were graded as severe for T cell-mediated rejection and IF/TA; the remaining case was graded as mild in all three categories. This cohort of patients was maintained with standard triple drug immunosuppression consisting of a calcineurin inhibitor, azathioprine, and prednisolone.

Sections were labeled with a mAb specific for LTBP-1 (R&D Systems). Bound antibody was detected with biotin-conjugated goat anti-mouse Ig (Vector Laboratories, Peterborough, UK), followed by the addition of avidin-biotin-peroxidase (Vector Laboratories). Color development was performed using DAB (brown) and Mayer\'s hematoxylin as a counterstain. Heparan sulfate was detected with a VSV-G-tagged phage-display antibody specific for an N-, 6O-, and 2O-sulfated epitope (HS3A8; kindly provided by Dr. Toin H. van Kuppevelt, University of Nijmegen, The Netherlands) \[[@B25]\] and visualized with rabbit anti-VSV-G antibodies and TRITC-conjugated swine anti-rabbit (both from Sigma, Poole, UK). Immunofluorescence was detected by laser-scanning confocal microscopy (Leica, Milton Keynes, UK), and relative quantification was performed using Leica Confocal Software (LCS), after exclusion of unstained tubular lumens, in accordance with methodology described previously \[[@B4]\].

TEC lines
---------

Immortalized human renal TEC (HK-2; CRL-2190; American Type Culture Collection, Manassas, VA, USA) were cultured in DMEM/Ham\'s F12 medium, supplemented with 10% FBS, insulin-transferrin-selenite (ITS-X; Life Technologies, Paisley, UK), and penicillin/streptomycin (all Lonza, Slough, UK) to maintain a resting epithelial phenotype \[[@B26]\].

Construction and application of the LTBP-1 probe
------------------------------------------------

Complementary DNA was generated using RNA isolated from cultured TEC. A 567-bp sequence containing the "hinge" region of the short isoform of LTBP-1 \[[@B10]\] (aa 299--487 in the N-terminal region) was then amplified by PCR, verified by sequencing, and ligated into the pET32a plasmid vector (Novagen, Merck, Darmstadt, Germany). The soluble His-tagged LTBP-1 probe was expressed using the Origami(DE3) strain of Escherichia coli (Novagen, Merck), as the peptide sequence contains five potential disulfide bonds.

After purification on a nickel column, the 188-aa probe was validated by Western blotting with an antibody specific for the His-tag. The probe was then used in a series of column-elution \[[@B27]\] and solid-phase \[[@B28]\] binding experiments to measure the potential of LTBP-1 to bind GAGs (Iduron, Manchester, UK), found in the tubular basement membrane; nonspecific binding to anionic MonoS resin (Sigma) was measured for control. In all assays, the probe was quantified by immunochemical detection of the His-tag epitope.

T cell isolation and activation
-------------------------------

Peripheral T cells were isolated from heparinized whole blood from healthy volunteer donors (both sexes; age range 24--52) by the addition of RosetteSep human T cell enrichment cocktail (Stemcell Technologies, Grenoble, France), followed by density gradient centrifugation at 1200 *g* for 10 min. Enriched T cells were recovered, washed, and resuspended in RPMI-1640 culture medium at 1 × 10^6^ cells/ml. T cell purity was always \>98%.

T cells were activated with anti-CD3/CD28 antibody-conjugated beads (Human T-Activator Dynabeads; Invitrogen, Paisley, UK) at an optimal T cell:bead ratio of 2:1 or by mixed leukocyte culture using a γ-irradiated (25 Gy), allogeneic, EBV-transformed B cell line at an optimal ratio of 1:1 with T cells \[[@B29]\]. Cell-surface expression of CD103, β6 integrin, TSP-1, and NRP-1 by CD3^+^ cells was assessed by flow cytometry for up to 11 days (FACSCanto; BD Biosciences, Oxford, UK); TSP-1 expression was also measured after 1 h coculture with TEC or plate-bound fibronectin (Sigma). Intracellular TSP-1 was examined after permeabilization of the cells with 0.1% saponin (Sigma) prior to immunofluorescence labeling. Some T cell cultures were supplemented after 72 h with 5 ng/ml TGF-β~1~ or an equimolar concentration of LAP-TGF-β~1~ together with the LSKL peptide inhibitor or a control peptide sequence (both at an optimal 50 μM). Cells were recovered after 6 h to prepare RNA or up to 7 days later for flow cytometric analysis.

pSmad 3 Western blot
--------------------

Immortalized TEC were grown in 25 cm^2^ flasks until 80--100% confluent, before being rested for 24 h in serum-free DMEM/F-12 medium. Cells were then treated for 30 min at 37°C with 2.5 ng/ml active TGF-β~1~ or were not stimulated. The cells were then lysed in buffer containing protease and phosphatase inhibitors, sonicated, and centrifuged at 15,000 g for 10 min. Equal quantities of protein were boiled in sample buffer and loaded for SDS-PAGE. After transfer, the membrane was copper-stained to demonstrate equal protein loading and sequentially labeled with anti-pSmad 3 (Abcam, Cambridge, UK; 1:2000 in 5% BSA) and a HRP-conjugated secondary antibody (Abcam) before ECL development (Amersham, GE Healthcare, Little Chalfont, UK).

Immunofluorescent staining of immortalized TEC on chamber slides
----------------------------------------------------------------

Immortalized TEC were seeded into eight-well chamber slides at a density of 50,000 cells/ml and incubated for 7 days at 37°C. Medium was aspirated, and cells were washed in PBS before fixation in 4% PFA. After further washing, cells were permeabilized using 0.5% Triton X-100 and washed again, and nonspecific binding sites were blocked using 3% BSA in PBS. A mouse anti-human LTBP-1 mAb (R&D Systems) and a rabbit anti-human fibronectin polyclonal antibody (Abcam) were diluted to 1:100 in blocking buffer and added to the appropriate wells. After overnight incubation, the cells were washed in PBS and secondary goat anti-rabbit FITC (Sigma) and rabbit anti-mouse FITC (Dako, Ely, UK) antibodies were both added at a 1:150 dilution in blocking buffer and incubated at room temperature for 2 h in the dark. Slides were then washed in PBS, and nuclei were stained with DAPI before laser-scanning confocal microscopy using a 63× oil immersion lens (Leica).

Coculture of TEC and activated T cells
--------------------------------------

Resting or TGF-β-activated, immortalized TEC were plated in six-well plates in complete growth medium and incubated overnight, and T cells, previously activated by stimulation with CD3/CD28 beads for 72 h, were added. Cells were cocultured for a further 48 h, and the proportion of recovered CD3^+^ T cells expressing CD103 was measured by two-color flow cytometry using PE-conjugated CD3 antibody and FITC-conjugated anti-CD103 antibody (BD Biosciences). Some cocultures were supplemented with the TGF-β type I receptor (ALK5) inhibitor SB-505124 (Sigma) at an optimal concentration of 1 μM, as described previously \[[@B22]\].

qPCR
----

RNA was isolated from cultured T cells using Trizol reagent (Sigma) and transcribed to cDNA using Superscript II (Invitrogen). Changes in expression of FOXP3, αE integrin and TGF-β~1~ genes (Assays-on-Demand; Applied Biosystems, Life Technologies, Warrington, UK) were measured by qPCR (ABI Prism 7700; Applied Biosystems, Life Technologies) using 18S RNA for normalization \[[@B30]\]; results were compared using Relative Expression Software Tool (REST) 2008 (Corbett Life Science, Qiagen, The Netherlands) \[[@B31]\].

Statistical analysis
--------------------

Differences between groups of experimental data were examined as appropriate by unpaired Student\'s *t*-test or one-way repeated measures ANOVA with Tukey\'s post-test; results were considered significant at *P* ≤ 0.05. Mean results are presented ± [sem]{.smallcaps}; IC~50~ values are shown with 95% confidence limits. Except for qPCR results (above), all data were analyzed using GraphPad Prism v3 software (La Jolla, CA, USA).

RESULTS
=======

Immunohistochemical localization of LTBP-1 and HS in biopsy sections
--------------------------------------------------------------------

Normal human kidney (**[Fig. 1](#F1){ref-type="fig"}A**) and renal allograft tissue showing normal histology ([Fig. 1](#F1){ref-type="fig"}B) expressed low levels of LTBP-1. However, an increased level of LTBP-1 was observed around most tubules and within the interstitium of sections showing T cell infiltration and IF/TA ([Fig. 1](#F1){ref-type="fig"}C). The basement membrane of the tubules in normal kidney ([Fig. 1](#F1){ref-type="fig"}D) and renal allografts with no or borderline rejection ([Fig. 1](#F1){ref-type="fig"}E) expressed a low level of N-, 6O-, and 2O-sulfated HS. This was increased greatly in the thickened tubular basement membrane of remnant tubules and the interstitium in tissue with features of cellular infiltration ([Fig. 1](#F1){ref-type="fig"}F). [Figure 1](#F1){ref-type="fig"}G shows quantified expression of the HS3A8 epitope in kidney sections and indicates a significant increase (*P*\<0.0001) in the expression of heavily sulfated HS in transplant sections showing cellular infiltration.

![Immunohistochemical localization of LTBP-1 and heavily sulfated heparan sulfate in human kidney.\
Representative sections showing low-level, tubule-associated LTBP-1 expression (stained brown with a blue Mayer\'s hematoxylin nuclear counterstain) in sections from normal kidney (A) and transplanted kidney (B) with no apparent rejection; this was greatly increased in transplanted kidneys with chronic inflammation and IF/TA (C). Heavily sulfated HS expressing the HS3A8 epitope (red TRITC immunofluorescence with a blue DAPI nuclear counterstain) was restricted to the narrow tubular basement membrane in normal kidney (D) and nonrejecting renal allograft tissue (E); this expression was increased and included the expanded interstitium in sections showing features of T cell infiltration with IF/TA (F). Relative quantification of the HS3A8 epitope in normal and chronic rejection transplant biopsy sections (G), showing increased expression associated with T cell infiltration and IF/TA (*P*\<0.0001); the bars show mean values ± [sem]{.smallcaps}.](zgb0021357860001){#F1}

LTBP-1 binding to HS
--------------------

Messenger RNA encoding LTBP-1 was isolated from resting, immortalized human TEC, suggesting a level of constitutive expression of this gene. The purity of a cloned 188-aa LTBP-1 probe containing a putative HS-binding domain was verified by demonstration of a single band by Western blotting for the integral His-tag (**[Fig. 2](#F2){ref-type="fig"}A**). This probe bound within a heparin-sepharose column and was eluted maximally with 0.68 M NaCl. Anionic MonoS did not bind the probe, indicating the sequence specificity of the interaction between LTBP-1 and heparin ([Fig. 2](#F2){ref-type="fig"}B). [Figure 2](#F2){ref-type="fig"}C shows results from a competition-binding experiment, in which soluble heparin was used to displace the LTBP-1 probe from a complex formed with immobilized heparin on a 96-well plate. The IC~50~ value for soluble heparin was 0.23 μg/ml (95% confidence interval: 0.14--0.30 μg/ml). The less-heavily sulfated molecule HS had a lower affinity for the LTBP-1 probe ([Fig. 2](#F2){ref-type="fig"}D), with an IC~50~ of 33.22 μg/ml (95% confidence limit: 18.17--60.12 μg/ml). HS, desulfated at the N- or O-positions, did not bind LTBP-1 (not shown); the structurally unrelated GAG chondroitin sulfate was also unable to bind LTBP-1 (not shown).

![Examination of LTBP-1 binding to heparan sulfate.\
(A) A Western blot indicating the homogeneity of the His-tagged LTBP-1 probe. (B) An elution profile of the probe sequence from a heparin column (■), with maximal elution produced by 0.67 M NaCl; anionic MonoS resin (●) did not bind the probe. Competitive displacement of the LTBP-1 probe from plate-bound heparin by (C) soluble heparin (IC~50~=0.23 μg/ml) or (D) soluble HS (IC~50~=3.22 μg/ml).](zgb0021357860002){#F2}

Activated T cells respond to latent TGF-β presented by immortalized TEC
-----------------------------------------------------------------------

Resting, immortalized TEC cultures expressed LTBP-1 within the matrix between confluent cells (**[Fig. 3](#F3){ref-type="fig"}A**), indicating secretion of the large latent form of TGF-β. These cells did not express the αvβ6 integrin ([Fig. 3](#F3){ref-type="fig"}B) and were unable to activate endogenously produced, latent TGF-β, as indicated by the absence of a constitutive intracellular pSmad 3 signal on Western blotting ([Fig. 3](#F3){ref-type="fig"}C, lane i). A positive control demonstrated that these epithelial cells could phosphorylate Smad 3 when active TGF-β was delivered exogenously ([Fig. 3](#F3){ref-type="fig"}C, lane ii). Flow cytometric analysis of activated T cells cultured in the absence of renal cells showed that only 5.4 ± 2.2% (mean±[sem]{.smallcaps}; *n*=3) of these cells expressed CD103 in the absence of exogenous TGF-β (representative result shown in [Fig. 3](#F3){ref-type="fig"}D). However, coculture with immortalized TEC for 48 h induced significantly increased CD103 expression (*P*\<0.01) on 26.8 ± 3.7% of these T cells (representative result shown in [Fig. 3](#F3){ref-type="fig"}E). Coculture performed in the presence of TGF-βR (ALK5) blockade reduced the induction of CD103 expression to a background level of 2.8 ± 1.4%; this was not significantly different from CD103 expression by T cells cultured in the absence of TEC (*P*\>0.05). For comparison, a coculture was established between T cells and γ-irradiated, allogeneic, EBV-transformed B cells, which do not produce TGF-β. In this system, the T cells failed to show elevated expression of CD103 unless exogenous TGF-β~1~ was added on Day 3 ([Fig. 3](#F3){ref-type="fig"}F).

![The response of activated T cells to latent TGF-β.\
(A) A representative image showing extracellular LTBP-1 expression (FITC, green) by resting, immortalized TEC (DAPI-stained nuclei, blue). (B) Immunofluorescence flow cytometry of resting, immortalized TEC showing no basal expression of the β6 integrin. The shaded histogram shows fluorescence produced by labeling with an isotype-matched control antibody, and the open histogram shows experimental labeling; the analysis region was set at 3% for isotype-control labeled cells. (C) Representative Western blot showing no constitutive pSmad 3 signaling in resting, immortalized TEC cells (lane i) and pSmad 3 following stimulation with active TGF-β~1~ for 30 min (lane ii); the background protein staining demonstrates equal protein loading in both lanes. (D) A flow cytometric dot plot showing that few (\<3%) activated T cells express CD103 in the absence of exogenous TGF-β~1~. However, CD103 expression was induced on 25% of the cells by coculture with TEC for 2 days (E). (F) An allogeneic mixed leukocyte culture only produced elevated expression of CD103 by responding T cells when exogenous TGF-β~1~ was added on Day 3 (□, no TGF-β~1~; ■, TGF-β~1~ added).](zgb0021357860003){#F3}

Activation of latent TGF-β by T cells
-------------------------------------

Activated human T cells did not express cell-surface β6 integrin (**[Fig. 4](#F4){ref-type="fig"}A**), and neither TSP-1 nor NRP-1 was expressed by resting T cells (not shown). However, a small proportion of T cells did express cell-surface NRP-1 after activation for 48 h (17.3±2.3%; *n*=8 T cell donors; mean±[sem]{.smallcaps}; representative result shown in [Fig. 4](#F4){ref-type="fig"}B) and TSP-1 after 72 h (15.9±1.3%; *n*=19 T cell donors; representative result shown in [Fig. 4](#F4){ref-type="fig"}C); the majority of activated T cells expressed intracellular TSP-1 (not shown). The proportion of activated T cells expressing cell-surface TSP-1 was increased significantly by 1 h coculture with resting TEC (*P*\<0.05; *n*=3 separate T cell donors; [Fig. 4](#F4){ref-type="fig"}D); culture with TGF-β-pretreated epithelial cells further increased cell-surface TSP-1 expression (*P*\<0.005; [Fig. 4](#F4){ref-type="fig"}D). Immunofluorescence analysis of cultured TEC demonstrated deposition of fibronectin between the cells ([Fig. 4](#F4){ref-type="fig"}E). Treatment of activated T cells with plate-bound fibronectin ([Fig. 4](#F4){ref-type="fig"}F) increased the proportion expressing cell-surface TSP-1 within a 1-h culture period (*P*\<0.001 for all tested concentrations of fibronectin); an increase in TSP-1 expression (*P*\<0.05) was observed between T cells treated with 5 μg/ml and 10 μg/ml fibronectin, suggesting a dose-dependent response.

![Examination of T cell expression of the β 6 integrin, NRP-1, and TSP-1.\
Immunofluorescence flow cytometry of activated T cells showing no significant cell surface of expression of the β6 integrin (A). Subpopulations of activated T cells expressed cell-surface NRP-1 (B) and TSP-1 (C). Each shaded histogram shows the result of labeling with isotype-matched control antibodies; the open histograms show experimental labeling. (D) The mean expression of cell-surface TSP-1 by duplicate samples of activated T cells from three different volunteer blood donors (D1, D2, D3) was increased by coculture with TEC for 1 h prior to flow cytometry (*P*\<0.05); pretreatment of the TEC with TGF-β~1~ further increased the expression of TSP-1 (*P*\<0.005). (E) Representative immunofluorescence showing extracellular expression of fibronectin (FITC, green) by resting, immortalized TEC (DAPI-stained nuclei, blue). (F) T cells show markedly increased cell-surface expression of TSP-1 after addition to plate-bound fibronectin for 1 h. The bars show mean results ± [sem]{.smallcaps}; two separate experiments.](zgb0021357860004){#F4}

**[Figure 5](#F5){ref-type="fig"}** shows the results of qPCR analysis of mRNA encoding the αE integrin, FOXP3, and TGF-β~1~ in activated T cells following stimulation for 6 h with LAP-TGF-β~1~ in the presence of no peptide, the LSKL inhibitory peptide, or the scrambled control sequence. All results were normalized to activated T cells, which were not stimulated with LAP-TGF-β~1~. The induction of each of these TGF-β-responsive genes was reduced significantly in the presence of the peptide inhibitor.

![The activation of latent TGF-β~1~ by T cells.\
Changes in gene expression between activated T cells stimulated with LAP-TGF-β~1~ alone (solid bars) or LAP-TGF-β~1~ with the TSP-1-blocking peptide (shaded bars) or control peptide (open bars). These summary results are normalized to activated T cells, which have not been stimulated with LAP-TGF-β~1~, and are from three experiments using T cells from different donors. The error bars show mean values ± [sem]{.smallcaps}.](zgb0021357860005){#F5}

DISCUSSION
==========

LTBP-1 was constitutively expressed at a low level around the tubules of normal human kidney and transplanted kidney, which showed no features of rejection. However, the expression of LTBP-1 was increased greatly within the tubular basement membrane and the expanded interstitium of transplant sections showing features of T cell infiltration with IF/TA. As LTBP-1 is a component of the large latent TGF-β complex \[[@B8]\], these results are consistent with previous demonstrations of constitutive expression of TGF-β by normal renal tubules \[[@B32]\] and the increase in expression reported during chronic renal rejection \[[@B3], [@B4], [@B32]\].

A domain within the N-terminal region of LTBP-1 contains multiple basic amino acids (HRRRPIHHHVGK), with a theoretical isoelectric point of 12.3 (ExPASy Bioinformatics Resource Portal; [expasy.org](http://expasy.org)). This region of LTBP-1 was cloned from mRNA prepared from resting human TEC and expressed as a 188-aa peptide. This peptide bound heparin (a heavily sulfated analog of HS) with a similar affinity to that measured previously for the heparin-binding chemokine CCL5 \[[@B33]\]. The distribution of CCL5 during renal allograft rejection \[[@B34]\] is similar to that observed for LTBP-1, suggesting a common mechanism for sequestration by HS within kidney tissues. The interaction between LTBP-1 and heavily sulfated HS provides a potential mechanism for localizing latent TGF-β in proximity to TEC and infiltrating T cells during renal allograft rejection.

Expression of the αvβ6 integrin by human TEC provides a potential route to mechanical activation of the LLC form of latent TGF-β \[[@B35]\]. However, resting TEC in culture expressed neither this integrin nor pSmad 3, demonstrating the absence of active TGF-β generated by processing latent TGF-β in the culture system. Despite this failure of TGF-β activation by cultured TEC, addition of activated T cells to these cultures was followed by the induction of CD103 expression. A similar observation has been reported previously for coculture of murine CD8^+^ T cells and TEC \[[@B17]\].

The mechanism for induction of αE integrin gene expression in activated T cells is still poorly defined \[[@B36]\]. However, TGF-β signaling is implicated, as the proximal promoter of the αE integrin is known to contain Smad-binding CAGA box motifs \[[@B37]\]. Previous studies have also suggested that the expression of this integrin by activated T cells is an efficient marker of the presence of active TGF-β, in vitro \[[@B29]\] and in vivo \[[@B38]\]. The observed failure of CD103 induction on activated T cells in a non-TGF-β~1~-supplemented mixed leukocyte culture is consistent with a report showing that none of 37 EBV-transformed human B cell lines released detectable TGF-β \[[@B39]\]. The crucial role played by TGF-β in the induction of CD103 during human T cell coculture with TEC was also demonstrated in this study by pharmacological inhibition of the TGF-βR. This finding is consistent with a previous study of murine cells that used a TGF-β-neutralizing antibody to inhibit CD103 induction \[[@B17]\]. The current study suggests that T cells can activate the latent TGF-β associated with TEC by a mechanism that is independent of the αvβ6 integrin.

Candidate molecules that might allow T cells to activate latent TGF-β within the tubular basement membrane include cell-surface TSP-1 and NRP-1 \[[@B13], [@B14]\]. An initial experiment demonstrated that activated T cells did not express the β6 integrin, but TSP-1 and NRP-1 were expressed by subpopulations of the activated T cells. Brief coculture of activated T cells with fibronectin-expressing TEC increased the cell-surface expression of TSP-1. This increase was more pronounced following culture with TEC, which had been pretreated with TGF-β~1~. This treatment is known to increase fibronectin expression \[[@B40]\]. Stimulation of activated T cells with fibronectin alone was also sufficient to increase the expression of TSP-1. These observations are consistent with a previous report showing that TSP-1 is rapidly exported to the T cell surface following contact with matrix proteins, such as fibronectin \[[@B41]\], which is a normal component of the tubular basement membrane \[[@B42]\] but shows increased expression in kidney allografts with IF/TA \[[@B43]\].

The potential of T cells to activate latent TGF-β~1~ was verified by quantitative analysis of mRNA sequences encoding FOXP3, TGF-β~1~, and the αE integrin. The expression of each of these TGF-β-responsive genes \[[@B36], [@B44], [@B45]\] was increased rapidly by treatment with LAP-TGF-β~1~. However, in each case, the response to LAP-TGF-β~1~ was inhibited specifically by the LSKL peptide, suggesting a role for TSP-1 and/or NRP-1 in the activation of latent TGF-β by T cells in these cultures.

In summary, this study suggests that expression of the LLC form of latent TGF-β is increased during renal allograft rejection. This latent factor is bound by heavily N- and O-sulfated HS within the expanded interstitium and basement membrane surrounding atrophic tubules. Cultured renal TEC lines also expressed LTBP-1 but showed no intracellular signaling response to endogenously generated, latent TGF-β. However, activated T cells did respond to this latent TGF-β during coculture with renal TEC. A proportion of activated T cells was shown to express TSP-1 and NRP-1 in vitro, and the expression of TSP-1 was increased by brief contact with fibronectin-expressing renal TEC. Specific blockade of TSP-1 and NRP-1 reduced the response of activated T cells to stimulation with latent TGF-β. These data suggest that T cells in contact with the tubules in a rejecting renal allograft can directly activate sequestered, latent TGF-β, resulting in localized T cell differentiation.
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